macrophages, which cleared an in vitro infection by non-pathogenic Escherichia coli as efficiently as wild-type macrophages (Supplementary Fig. 1 ). Nor was it due to a problem in phagosomal acidification-acidification of both lysosomes and phagosomes occurred with the same kinetics in GILT 2/2 and wild-type macrophages ( Supplementary Fig. 2 ).
Because GILT is active in phagosomes it seemed likely that the growth deficiency was due to a defect in phagosomal escape. Once in the cytosol, L. monocytogenes polymerizes host actin, which allows movement through the cytosol and facilitates intercellular spread 2 and actin polymerization provides a convenient assay for cytosolic entry. Indeed, we saw a delay in actin polymerization, detected by phalloidin staining, in infected GILT-deficient macrophages, consistent with impaired escape from the phagosome ( Fig. 2a, b ). In wild-type macrophages actin polymerization was observed as early as 30 min after infection. This typically results in overwhelming infection and cell death within 36 to 48 h. In GILT-deficient macrophages, actin polymerization was not observed until 6-8 h. When wild type or GILT-deficient macrophages were infected with an LLO-negative L. monocytogenes strain the rate of actin polymerization was reduced to a level below that seen with wild-type bacteria in the GILT-negative cells ( Fig. 2a, b ). Consistent with a role for GILT in L. monocytogenes infection, a marked increase in cytosolic access was observed on infection of the GILT-negative human promonocytic cell line THP-1 when human GILT was expressed by retroviral transduction 13 ( Supplementary Fig. 3 ). GILT is induced in THP-1 cells on exposure to bacteria, but more than 24 h is required 13 .
To confirm the escape defect we examined infected cells by electron microscopy ( Fig. 2c ). After 2 h virtually no bacteria were seen outside of membrane-bound phagosomes in GILT-deficient macrophages, and only limited actin polymerization was observed even 8 h after infection. Furthermore, defective phagosomal escape, detected by the delay in the induction of actin polymerization, was reversed when GILT was expressed in GILT-negative macrophages by retroviral transduction ( Fig. 2d, e ). However, expression of a double cysteine mutant of GILT (C69S/C71S), lacking both active site cysteine residues and unable to catalyse disulphide bond reduction 11 , failed to reverse the escape defect.
LLO has a single cysteine residue at position 485 and a mutant with an alanine substitution at that position does not require reduction for activation 14 . To determine if the mutation also reversed GILT dependence, we repeated the in vitro infection experiments described above with an L. monocytogenes strain expressing this LLO variant. For this organism growth was equivalent in wild type and GILT 2/2 macrophages ( Fig. 3a) , as was the rate of escape from the phagosome (Fig. 3b, c) . We also examined the capacity of recombinant enzymatically active precursor GILT 8, 10, 15 to induce lytic activity in purified recombinant LLO (characterized in Supplementary Fig. 4 ). GILT clearly was able to activate LLO, determined by lysis of purified bone-marrow-derived macrophages ( Fig. 3d ) and haemolysis of sheep red blood cells ( Fig. 3e ). Similar lytic curves for macrophages were obtained using trypan blue exclusion (data not shown). Lysis was abrogated if the enzymatic activity of GILT was eliminated by pre-treatment with the thiol-reactive reagent N-ethylmaleimide (NEM). GILT shares with thioredoxin a reduction mechanism in which the N-terminal cysteine residue in the CXXC active site reduces a substrate disulphide bond by a nucleophilic attack on one of the involved cysteine residues. This generates a disulphide-linked mixed enzymesubstrate intermediate that is rapidly resolved by an attack of the second active site cysteine residue on the first 7, 8 . The second step in the reaction, known as the escape pathway 16 , can be prevented by mutation of the second active site cysteine, generating a 'trapping mutant' that allows mixed enzyme-substrate dimers to be isolated. To determine whether GILT uses this mechanism to activate LLO, bone-marrow-derived macrophages from wild type and GILT 2/2 mice were again infected with L. monocytogenes, together with GILT 2/2 macrophages that were retrovirally transduced with a GILT trapping mutant (C71S). Infected cells were lysed in detergent and immunoprecipitated GILT was subjected to SDS-polyacrylamide gel electrophoresis (PAGE) followed by western blotting to detect associated LLO. LLO co-precipitated with GILT only from infected macrophages expressing the trapping mutant ( Fig. 4a ). Immunofluorescence microscopy confirmed that in wild-type macrophages the organism co-localizes with GILT in LAMP-1-positive phagosomes (data not shown). Thus, GILT uses the classical thiol reductase mechanism to activate LLO in phagosomes and initiate the escape of L. monocytogenes to the cytosol.
In the absence of LLO, L. monocytogenes may eventually escape from the phagosome, just as in the absence of GILT ( Fig. 2a ). However, when active GILT is present escape of LLO-positive bacteria is extremely rapid. The identity of the disulphide bond targeted by GILT is unclear. The single cysteine present in LLO lies in a short tryptophan-rich sequence that initiates pore formation on binding to membrane cholesterol. It has been suggested that a small thiolcontaining molecule is disulphide linked to the cysteine residue, and that this inhibits activation of the haemolysins 17 . The equivalent cysteine residue in perfringolysin O (PFO), a related haemolysin derived from Clostridium perfringens, is not necessary for binding to cholesterol in the membrane, but is necessary for the formation of a pre-pore complex [18] [19] [20] . GILT-mediated exposure of the critical cysteine residue in LLO may facilitate a conformational change that allows the formation of the pre-pore complex and full activation. Notably, the ability of GILT to activate haemolysins is not limited to LLO: GILT can also activate streptolysin O (SLO), derived from Streptococcus pyogenes, as measured by the haemolysis of sheep red blood cells, but it is not required to activate an SLO mutant that lacks the characteristic single cysteine residue 21 (Supplementary Fig. 5 ).
In most cell types GILT can be induced by interferon (IFN)-c, and IFN-c induction during the early stages of infection may enhance the ability of L. monocytogenes to infect other cells, including hepatocytes where it also replicates in vivo 22, 23 . The ability of GILT to activate SLO as well as LLO suggests that it may activate other members of this highly conserved family of haemolysins. Phagocytosis of haemolysinexpressing organisms may not be essential for activation of the lytic activity, as we have recently found that Toll-like receptor (TLR)mediated activation of macrophages by E. coli lipopolysaccharide induces secretion of the enzymatically active precursor form of GILT 13, 24 that activates SLO in vitro ( Supplementary Fig. 5 ). GILT is functional even at neutral pH, retaining approximately 30% of the free assays. a, In vitro growth of wild type and C485A LLO mutant L. monocytogenes in wild type and GILT 2/2 macrophages. The experiment, performed as described in Fig. 1b , was repeated three times and a representative experiment is shown. Asterisk, P , 0.05; double asterisk, P , 0.01. b, Actin polymerization in wild type and GILT 2/2 macrophages infected with wild-type L. monocytogenes or C485A LLO mutant L. monocytogenes. The bacteria were detected by immunofluorescence (green) and phalloidin staining of actin is in red. c, Quantification of actin polymerization as described in Fig. 2b activity seen at pH 4.5 (refs 7 and 8) and it has been reported that the local pH can be as low as 5.7 at sites of bacterial infection 25 . Secretion of GILT by macrophages at such a site could facilitate local haemolysin-mediated tissue damage, perhaps including lysis of inflammatory cells recruited for the purpose of host defence.
METHODS SUMMARY
The L. monocytogenes strains used are listed in the Methods. Infections in C57BL/6 and C57BL/6 GILT knockout mice were performed as described 26 . Bone-marrowderived macrophages were prepared as described 24 . In vitro infections were done in the presence of gentamicin to prevent extracellular bacterial growth, and at a multiplicity of infection (MOI) of 5 (unless otherwise stated in the Methods). Electron microscopy and immunofluorescence experiments and antibodies used are as described in the Methods. Co-localization and quantification were performed by direct visualization on a Leica DMIRE2 confocal microscope. Figure assembly was done with Adobe Photoshop and Adobe Illustrator.
LLO protein was purified according to published protocols with modifications described in the Methods 27 . The mean 6 standard error is shown in the figures and P values were calculated using a two-tailed two-sample equal variance Student's t-test. A P value of less than 0.05 was determined to be statistically significant.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
